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Abstract

BACKGROUND: Although single and double lung transplantation outcomes for chronic 

obstructive pulmonary disease (COPD) have been investigated, right and left single lung 

transplants have never been rigorously compared to evaluate disease-specific differences. Single 

lung transplants for COPD often have hyperinflation of the contralateral native lung, which may 

be more pronounced in left lung transplants.

METHODS: Using the United Network for Organ Sharing registry, we conducted a retrospective 

cohort study of 5,585 adults who underwent lung transplantation for COPD from May 4, 2005 to 

June 30, 2017. Subjects were followed until March 2019. Post-transplant survival was compared 

using Cox proportional hazards and Royston and Parmar’s flexible parametric survival models. We 

adjusted for donor and recipient factors with known or plausible associations with survival.

RESULTS: Lung transplant recipients who received a left single lung transplant for COPD had an 

increased risk of post-transplant death when compared with those who received a right single lung 
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transplant for COPD (hazard ratio [HR]: 1.24, 95% CI: 1.08–1.48, p = 0.002). Survival did not 

differ significantly between double lung transplant and right single lung transplant recipients (HR: 

0.88, 95% CI: 0.77–1.02, p = 0.086). Adjusted 5-year survival was 57.8% (95% CI: 55.7–60.1) for 

double lung recipients, 56.7% (95% CI: 55.4–58.0) for right single lung recipients, and 50.9% 

(95% CI: 47.2–55.0) for left single lung recipients.

CONCLUSIONS: In COPD, right single lung transplantation was associated with improved post-

transplant survival compared with left single lung transplantation, and no significant difference in 

post-transplant survival compared with double lung transplantation was found. In light of the 

ongoing donor lung shortage, preferential allocation of right single lungs to patients with COPD 

should be considered.
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Lung transplantation may improve the quality of life and survival of patients with chronic 

obstructive pulmonary disease (COPD).1,2 Unfortunately, there is a shortage of donor lungs 

relative to the number of candidates on the lung transplant waiting list.3 Owing to the 

relative scarcity of available organs, donor lungs are distributed with the goal of optimizing 

the benefits of transplants using the lung allocation score (LAS).4 Before the LAS-based 

allocation system, lungs were allocated solely on the basis of waiting time and ABO blood 

compatibility.5 The LAS estimates medical urgency and post-transplant survival, thereby 

placing the emphasis on medical need and transplant benefit.4

The implementation of the LAS on May 4, 2005 had dramatic effects on the lung transplant 

waiting list and recipient population.3,5 Idiopathic pulmonary fibrosis replaced COPD as the 

primary indication for transplantation, and both age and severity of illness at the time of 

transplantation have risen since 2005.3,5 Whereas waiting list mortality initially improved 

after the advent of the LAS, it has since risen, reaching 17.2 waitlist deaths per 100 waitlist 

years in 2016. Solutions to address this rising mortality are needed.3

A rather simple way of maximizing organ supply is to use 1 pair of donor lungs for 2 

different waitlist candidates. In COPD, survival analyses for single and double lung 

transplant recipients have yielded inconsistent results, and conclusions remain controversial.
3,6–8 Early registry data suggested a survival benefit favoring double lung transplants for 

COPD.9 However, a comprehensive analysis by Schaffer et al6 in 2015 reported no 

significant differences in post-transplant survival between double and single lung transplant 

recipients when accounting for important covariates.

Single lung transplantations for COPD are often affected by hyperinflation of the 

contralateral native lung, which may limit the transplanted lung ventilation and gas 

exchange.10–12 In our center’s experience, right single lung transplant recipients for COPD 

develop fewer infectious complications in the early post-transplant period than recipients of 

left single lung transplants for COPD.13 Although single and double lung transplant 

outcomes have been investigated extensively, right single and left single lung transplants 
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have never been rigorously compared to evaluate transplant-specific differences in survival.
14–16 We hypothesized that for COPD, right single lung transplant recipients have superior 

post-transplant survival than left single lung transplant recipients.

Methods

Study design, study population, and data sources

We performed a retrospective cohort study of adults aged ≥18 years with COPD who 

received a lung transplant between May 4, 2005 and June 30, 2017 using data provided by 

the United Network of Organ Sharing. Subjects were followed through March 13, 2019. 

Subjects were excluded if they received a multiorgan transplant, were <18 years old, or had 

a lobar lung transplantation (Figure 1). This study was approved by the Columbia University 

Institutional Review Board and was exempt from informed consent.

The COPD cohort included patients with the diagnosis of COPD, emphysema, or alpha-1 

antitrypsin deficiency. Our primary predictor variables were left single, right single, and 

double lung transplantations. We analyzed the cohorts as 3 separate groups. The primary 

outcome was a composite of death or retransplantation.

Statistical analysis

Baseline characteristics were examined using the Wilcoxon rank-sum, Kruskal–Wallis, and 

Pearson’s chi-square tests. Post-transplant survival was analyzed using a mixed-effects 

(shared frailty) Cox proportional hazards model. We tested the proportional hazards 

assumption by regressing the Schoenfeld residuals over time. There was a violation of the 

proportional hazards when comparing double lung transplantation with right single lung 

transplantation or left single lung transplantation as has been demonstrated in previous 

studies comparing single and double lung transplantations.6 Our primary variables of 

interest (right single lung transplant compared with left single lung transplant) did not 

violate the proportional hazards assumption; therefore, we proceeded with a Cox 

proportional hazards model for our primary analysis. We selected a Cox model with shared 

frailty as the primary model to account for random effects of center-specific variation.

We secondarily used Royston and Parmar’s (RP) flexible parametric model using cubic 

splines to analyze the relationship between right single/left single lung transplantation and 

double lung transplantation because of the violation of the proportional hazards assumption.
17,18 An RP flexible parametric model allows a covariate to have a changing hazard over 

time rather than assuming a proportional hazard throughout the entire analysis period. For 

the RP flexible parametric model, knot selection was optimized using the Akaike 

information criterion and Bayesian information criterion, and we designated 4 internal spline 

knots with 2 spline knots for the time-dependent effects for the model. A fixed-effects RP 

flexible parametric model was selected to compare right single/ left single lung 

transplantation with double lung transplantation rather than the mixed-effects models owing 

to the robustness of predictions permitted in the fixed-effects model.

Covariates were selected using a directed acyclic graph defined by a minimal set of variables 

that closed back-door paths, including age, transplant center, pulmonary hypertension, 
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recipient–donor size mismatch, and LAS19–21 (refer to Supplementary Figure S1 available 

online at www.jhltonline.org). Race, sex, and ABO blood group were added in the primary 

analysis model as precision variables for the outcome of interest.6,7 Pulmonary artery 

hypertension was analyzed as a dichotomous variable above or below a mean pulmonary 

artery pressure of 40 mm Hg.22

Although missing data were rare (1.4% of cases) for the covariates in this model, multiple 

imputations were performed using chained equations approach for missing variables with 10 

imputations. A priori sub-group analyses were performed to determine whether the effect 

was lessened or potentiated owing to the era of transplantation (2005–2010 and 2010–2018), 

patient age (aged <65 years and aged ≥65 years), and amount of donor–recipient size 

mismatch (predicted total lung capacity [pTLC] <1.1 and pTLC ≥1.16).

We performed an extensive sensitivity analysis to corroborate the findings from our primary 

model (see Supplementary Tables S1 and S2 online). Analyses included a complete case 

analysis (excluding cases with missing covariate data), a fixed-effects Cox proportional 

hazards model clustering by transplantation center, and an analysis, including a more 

expansive list of covariates based on previous studies and clinical experience.6

During our analyses, we noticed that there was a trend toward improved late survival with 

double lung transplantation, which differed from the previous paper by Schaffer et al.6 To 

further validate our findings, we conducted a post-hoc analysis of single lung transplantation 

compared with double lung transplantation using our updated cohort from May 4, 2005 to 

June 30, 2017 with follow-up through March 13, 2019. We then conducted an additional 

analysis of single lung transplantation compared with double lung transplantation using the 

same study period as used by Schaffer et al,6 limiting our sample size to transplantations 

from May 4, 2005 to December 31, 2012 with follow-up through December 31, 2012 (see 

Supplementary Figure S4 online).6

All analyses were performed using Stata, version 15.1 (Stata-Corp, College Station, TX), 

using STCOX,23 STPM2,24 and STPM2_STANDSURV.25

Results

There were 5,585 COPD transplant recipients included in this analysis: 1,010 (18.1%) 

received a left single lung transplant, 995 (17.8%) received a right single lung transplant, 

and 3,580 (64.1%) received a double lung transplant. The median length of follow-up was 

similar across groups: 1,138 days (interquartile range [IQR]: 592–2,190) for left single 

transplants, 1,436 (IQR: 720–2,366) for right single lung transplants, and 1,361.5 (IQR: 

684–2,375) for double lung transplants. Baseline characteristics were similar among the 3 

cohorts; however, double lung transplant recipients were slightly younger, were more often 

on the ventilator before transplantation, had more pulmonary hypertension, were 

transplanted at centers with higher annual volume, and had better pre-transplant 6-minute 

walk distances (Table 1). Even though extracorporeal membrane oxygenation (ECMO) use 

before transplantation was rare in this cohort, the patients who required ECMO most often 

received a double lung transplant.
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Cox proportional hazards model

In the mixed-effects Cox proportional hazards model, left single lung transplantation was 

associated with an increased risk of death or retransplantation compared with right single 

lung transplantation in both unadjusted (hazard ratio [HR]: 1.19, 95% CI: 1.07–1.32, p = 

0.002) and adjusted models (HR: 1.24, 95% CI: 1.08–1.41, p = 0.002). Compared with left 

single lung transplantation, double lung transplantation was associated with a reduced risk of 

death in unadjusted (HR: 0.69, 95% CI: 0.63–0.75, p < 0.000 1) and adjusted models (HR: 

0.71, 95% CI: 0.62–0.82, p < 0.001), whereas compared with right single lung 

transplantation, double lung transplantation was associated with a decreased risk of death in 

unadjusted (HR: 0.81, 95% CI: 0.74–0.89, p < 0.001) but not in an adjusted Cox model (HR: 

0.88, 95% CI: 0.77–1.02, p = 0.086) (Table 2, Figure 2).

Flexible parametric survival

Using the flexible parametric model and adjusting for covariates and time-dependent effects, 

double lung transplantation was associated with a reduced risk of death/retransplantation in 

the early transplant period compared with left single lung transplantation with an 

instantaneous HR of 0.76 (95% CI: 0.65–0.89) at 1 year after transplantation. The benefit of 

double lung transplantation continued to increase compared with that of left single lung 

transplantation at 3 and 5 years after transplantation (see Supplementary Figure S2 online). 

Compared with right single lung transplantation, double lung transplantation was associated 

with a similar risk of death/retransplantation in the early post-transplant period with an 

instantaneous HR of 0.95 (95% CI: 0.80–1.12) at 1 year after transplantation. Although the 

instantaneous hazard favored double lung transplantation at 5 years, it did not result in 

clinically meaningful different 5-year post-transplant survival (see Supplementary Figure S2 

and Table S2 online).

Similar to the Cox proportional hazards model, left single lung transplantation had an 

increased risk of death/retransplantation compared with right single lung transplantation in 

the RP model (HR: 1.25, 95% CI: 1.09–1.43, p = 0.001) (see Supplementary Table S1 

online). Interestingly, the RP model estimated nearly identical survival between right single 

lung transplant and double lung transplant at 1 year (86.8%, 95% CI: 85.6–88.0 vs 86.7%, 

95% CI: 85.6–88.0) with a very minimal difference in 5-year survival (56.7%, 95% CI: 

55.4–58.0 vs 57.8%, 95% CI: 55.7–60.1) (see Supplementary Table S2 online).

The adjusted survival curves for right single and double lung transplant survivals do not 

separate until about 3 years after transplantation, whereas both survival curves separate early 

from that of left single lung transplant (Figure 3). Nevertheless, post-transplant survival was 

only modestly reduced for left single lung transplant recipients compared with both double 

and right single lung transplant recipients with 1-year and 5-year survivals of 84.6% (95% 

CI: 86.1–87.7) and 50.9% (95% CI: 47.2–55.0), respectively (see Supplementary Table S3 

online).

Sub-group analysis

Sub-group analysis demonstrated similar results across the eras of lung transplantation when 

comparing May 2005‒June 2010 era with July 2010‒June 2017 era (Table 3). Double lung 
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transplants made up a larger portion of transplantations for COPD in the more recent era 

than in the older era (68.9% vs 57.3%) (Table 3). For COPD transplant recipients aged <65 

years, the decreased survival associated with left single lung transplantation compared with 

right single lung transplantation was slightly more pronounced (HR: 1.31, 95% CI: 1.12–

1.54, p = 0.001); yet, survival after right single lung transplantation was still not 

significantly different from survival after double lung transplantation in this sub-group 

(Table 3 and see Supplementary Table S2 and Figure S3 online). For COPD transplant 

recipients aged ≥65 years, a significant difference in post-transplant survival between right 

single lung transplantation and left single (1.16, 95% CI: 0.96–1.40, p = 0.13) or double 

lung transplantation (0.89, 95% CI: 0.75–1.05, p = 0.17) in adjusted analyses was not 

observed(Table 3 and see Supplementary Table S2 online). In addition, double lung 

transplantation did not have significantly improved long-term survival benefit compared 

with right and left single lung transplantations in patients with COPD aged ≥65 years (see 

Supplementary Figure S3 online). The results did not differ for recipients who received 

lungs from larger donors (donor-to-recipient pTLC ratio > 1.1) (Table 3).

Post-hoc analysis: Single vs double lung transplantation

In post-hoc analyses, we compared post-transplant survival of all single lung transplant 

recipients (right and left) with double lung transplant recipients (see Supplementary Figure 

S4b online). Using the adjusted RP flexible parametric model, we found that double lung 

transplantation has a reduced risk of death/retransplantation at both 1 and 5 years after 

transplantation, with an instantaneous hazard of 0.84 (95% CI: 0.73–0.98) at Year 1 and 0.74 

(95% CI: 0.64–0.85) at Year 5. When the cohort and the follow-up were limited to May 4, 

2005 until December 31, 2012 (identical to Schaffer et al6‘s study period), the difference in 

post-transplant survival between single and double lung transplantations was lessened, with 

an instantaneous hazard of 0.90 (95% CI: 0.73–1.11) at Year 1 and 0.80 (95% CI: 0.62–1.03) 

at Year 5 (see Supplementary Figure S4a online).

Discussion

We have demonstrated that right single lung transplantation is associated with a reduced risk 

of death/retransplantation compared with left single lung transplantation for patients with 

COPD. Short-term and long-term survivals are similar between single right and double lung 

transplant recipients, whereas left single lung transplantation has mildly worse long-term 

survival in recipients with COPD. In addition, for recipients aged ≥65 years with COPD, 

there is no difference in short-term or long-term survival between double lung, right single 

lung, and left single lung transplantations.

These results add to previous work evaluating single and double lung transplantations for 

patients with COPD.6,7 This suggests that the diminished post-transplant survival associated 

with single lung transplantation for COPD is largely mediated by the lower survival 

associated with left single lung transplantation. Unsurprisingly, the benefit of right single 

and double lung transplantations compared with left single lung transplantation dissipates 

with advancing age, which is consistent with previous work by Thabut et al.7 Interestingly, 
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we found that despite the ongoing donor lung shortage, double lung transplants were more 

common over the past decade for patients with COPD than before 2010.

In the current era of lung transplantation, the severity of illness at transplantation is rising 

and, consequently, the LAS at the time of transplantation is rising. It is difficult for a patient 

with COPD to achieve a high enough LAS to receive a double lung transplant, especially in 

areas of low-organ availability.26,27 The majority of lung transplantations for COPD in the 

United States are double lung transplantations. Given the national donor lung shortage, the 

transplantation community should consider allocating single lung transplants to most of the 

patients with COPD rather than double lung transplants, and this could improve organ 

availability and reduce the waitlist deaths.26,28 Our data support an allocation policy 

favoring right single lung allocation to patients with COPD when possible but not 

disallowing left single lung transplants.

In our center’s experience, there is an increase in post-transplant infectious complications in 

recipients of left single lung transplants for COPD. We previously reported reduced survival 

in these patients compared with recipients of right single lung transplants for COPD.13 We 

postulated that this occurs owing to excessive hyperinflation of the native lung on the 

contralateral side and that native lung hyperinflation is less severe in right single lung 

transplantation owing to the smaller size of the left lung and the presence of the heart-

limiting excessive hyperinflation. We suspected that this might produce a survival advantage 

for right single lung transplants recipients who have COPD. In this cohort, there did not 

appear to be differences in the causes of death between the 3 groups (see Supplementary 

Table S4 online). Although this study does not provide a clear explanation for the 

differences in post-transplant survival, further prospective studies closely monitoring 

infectious complications and outcomes after single lung transplantation may elucidate 

causality.

Our post-hoc analysis comparing post-transplant survival for single and double lung 

transplants for COPD differs from previous results reported by Schaffer et al6 owing to the 

larger study size and longer study follow-up. Less than 50% of the patients in the study by 

Schaffer et al6 were at risk for 5 years, and the total study period was 7 years. In our study, 

the follow-up time for the entire cohort was 12 years, and the number of COPD cases in the 

analysis is nearly twice that in the study by Schaffer et al6. We were able to reproduce the 

results reported by Schaffer et al6 when we limited our cohort and follow-up time to the 

parameters of their study.6 Although the hazard of death/retransplantation beyond 5 years is 

higher with left single lung transplantation than with double lung transplantation, the 5-year 

survival estimates for left single lung transplantation is only modestly lower than the 

estimates of double and right single lung transplantations from a clinical perspective. A 5% 

lower survival at 5 years with left lung transplantation is a relatively small trade-off, and it 

should not preclude the allocation of left single lung transplants to patients with COPD.

Limitations

The limitations in this study include the retrospective nature of design, the potential for 

selection bias, missing covariates, center-specific practice patterns, and potential for 

Benvenuto et al. Page 7

J Heart Lung Transplant. Author manuscript; available in PMC 2021 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incorrect data entry. We addressed these limitations as best as possible through a direct 

acyclic graph selection process for covariates to eliminate confounding, multivariable-

adjusted Cox and RP flexible parametric analyses, extensive sensitivity analyses, and 

multiple imputations for missing data. Confounding by indication for either single or double 

lung transplantations is difficult to avoid; however, we attempted to account for this by 

adjusting for listing preference in our primary analysis. We further adjusted for center-

specific differences by accounting for center variance in our analysis. Other important 

limitations in this study include the lack of quality of life information, lack of information 

about the surgical approach, peri-operative strategies with bypass, ECMO and selective 

ventilation, and lack of information on anatomic considerations for laterality, such as disease 

severity on a ventilation/perfusion scan. Unfortunately, these data are not reliably available 

in the United Network of Organ Sharing registry, but these data could be an important factor 

when understanding the differences in post-transplant outcomes between single and double 

lung transplantations.

Conclusions

There is a shortage of donor lungs, and as a result, people continue to die or deteriorate on 

the waiting list before undergoing lung transplantation.3 Of course, not every waiting list 

candidate with COPD may be a candidate for single lung transplantation owing to infectious 

issues, bilateral large bullae, multiple concerning lung nodules, or the occasional patient 

with severe secondary pulmonary hypertension. However, a straightforward way to increase 

the donor lung supply is to consider mandating single lung allocation to the majority of 

waiting list candidates with COPD, especially for those aged >65 years.

Right single lung transplantation has similar post-transplant survival compared with double 

lung transplantation in all transplant recipients who have COPD, and there is no difference 

in post-transplant survival among right single, left single, and double lung transplant 

recipients with COPD aged ≥65 years. Even though left single lung transplantation achieves 

acceptable 5-year post-transplant graft survival, preferential allocation of right single lungs 

to candidates with COPD should be considered.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow chart of inclusion/exclusion criteria. A1ATD, alpha-1 antitrypsin deficiency; COPD, 

chronic obstructive pulmonary disease.
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Figure 2. 
Survival post lung transplantation. (a) Kaplan–Meier unadjusted survival curve. (b) Adjusted 

Cox proportional hazards survival curve. Covariates include age, blood type, ethnicity/race 

(black, white, Hispanic, other), gender, LAS at the time of transplantation, pulmonary 

hypertension, lung listing preference, donor-to-recipient pTLC ratio (COPD if pTLC ratio ≥ 

1.1), and transplantation center. COPD, chronic obstructive pulmonary disease; LAS, lung 

allocation score; pTLC, predicted total lung capacity.
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Figure 3. 
Adjusted survival for double lung, right single lung, and left single lung transplantations 

using flexible parametric survival model adjusting for time-dependent effects. Covariates 

include age, blood type, ethnicity/race (black, white, Hispanic, other), gender, LAS at the 

time of transplantation, pulmonary hypertension, lung listing preference, donor-to-recipient 

pTLC ratio (COPD if pTLC ratio ≥ 1.1), and transplantation center. COPD, chronic 

obstructive pulmonary disease; LAS, lung allocation score; pTLC, predicted total lung 

capacity; RP, Royston and Parmar.
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